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There are a number of clear examples in the instrumental period where positive El Nin˜o
events were coincident with a severely weakened summer monsoon over India (ISM).
ENSO’s influence on the Indian Monsoon has therefore remained the centerpiece of
various predictive schemes of ISM rainfall for over a century. The teleconnection be-5
tween the monsoon and ENSO has undergone a protracted weakening since the late
1980’s suggesting the strength of ENSO’s influence on the monsoon may vary con-
siderably on multidecadal timescales. The recent weakening has specifically prompted
questions as to whether this shift represents a natural mode of climate variability or
a fundamental change in ENSO and/or ISM dynamics due to anthropogenic warming.10
The brevity of empirical observations and large systematic errors in the representa-
tion of these two systems in state-of-the-art general circulation models hamper efforts
to reliably assess the low frequency nature of this dynamical coupling under varying
climate forcings. Here we place the 20th century ENSO-Monsoon relationship in a mil-
lennial context by assessing the phase angle between the two systems across the time15
spectrum using a continuous tree-ring ENSO reconstruction from North America and a
speleothem oxygen isotope (δ18O) based reconstruction of the ISM. The results sug-
gest that in the high-frequency domain (≤15 yr), El Nin˜o (La Nin˜a) events persistently
lead to a weakened (strengthened) monsoon consistent with the observed relationship
between the two systems during the instrumental period. However, in the low frequency20
domain (≥60 yr), periods of strong monsoon are, in general, coincident with periods of
enhanced ENSO variance. This relationship is opposite to which would be predicted
dynamically and leads us to conclude that ENSO is not pacing the prominent multi-






































An improved understanding of the dynamical relationship between the El
Nin˜o/Southern Oscillation (ENSO) and the Indian Summer Monsoon (ISM), arguably
the two largest sources of interannual climate variability on Earth, has profound societal
and scientific value. The ENSO-related Indo-Pacific tropical sea surface temperature5
(SST) anomalies have been considered as the dominant externally-driven forcing of
monsoon variability (Webster et al., 1998; Kumar et al., 2006). The dynamical link-
age between these two systems principally results from the SST-induced east-west
shifts in the Walker Circulation and its interaction with the regional monsoon Hadley
circulation (Webster et al., 1998; Krishnamurthy and Goswami, 2000; Ashok et al.,10
2004). For example, El Nin˜o’s impact on ISM rainfall is particularly strong when the
locus of deep atmospheric convection shifts to the central Pacific (Central El Nin˜o) and
the strongest descending lobe of the Walker cell is focused over the eastern equa-
torial Indian Ocean (Fasullo and Webster, 2002; Kumar et al., 1999, 2006) – driving
an anomalous monsoon Hadley circulation whose descending limb suppresses the15
convection-driven monsoon rainfall over the Indian sub-continent. The extreme man-
ifestation of this coupling is exemplified (albeit, sporadically) by the co-occurrence of
large El Nin˜o events and devastating droughts in the Indian sub-continent such as dur-
ing 1876–1878, 1918–1919, and 1982–1983 (Kumar et al., 2006).
In observational data, the strength of the ENSO-Monsoon relationship (character-20
ized by linear correlation between any of the broad indices of ISM rainfall and SST
anomalies in the tropical Pacific, respectively) has varied on inter-decadal to multi-
decadal timescales exhibiting high (low) inverse-correlation at times when the ENSO
variance shows high (low) amplitude modulation (Torrence and Webster, 1999; Kr-
ishnamurthy and Goswami, 2000). This has led to the suggestion that ENSO ef-25
fects ISM rainfall through the same physical mechanism on both interannual and in-
terdecadal timescales and that the waxing and waning of the coupling is related to





































mean state (Ummenhofer et al., 2011). The recent breakdown in the relationship be-
tween the two systems (e.g. Kumar et al., 1999) has however, occurred in the context
of increased ENSO variance since the 1980’s, with the late 20th century ENSO vari-
ability reaching a level as high as any other period during the last millennium (Li et al.,
2011; Cobb et al., 2003, 2013). A range of hypotheses have been offered to explain5
the recent breakdown including global warming (Kumar et al., 1999), a southeastward
shift of the subsiding limb of the Walker cell (Collins et al., 2010), changes in the ENSO
spatial characteristics (Kumar et al., 2006), and the co-occurrence of ENSO and Indian
Ocean Dipole (IOD) events (Ashok et al., 2004; Ummenhofer et al., 2011). In contrast, it
has been argued that the relationship has largely remained intact and any fluctuations10
in its strength are merely a sampling artifact (Gershunov et al., 2001) such that low
frequency changes in the correlation statistics between ENSO and the ISM timeseries’
occurs much in the manner expected from purely stochastic processes.
Understanding the dynamical nature of the ENSO-Monsoon relationship using state-
of-the-art general circulation models has been hampered by systematic errors in sim-15
ulating the mean state and variability of both ENSO and the ISM systems (Annamalai
et al., 2007; Collins et al., 2010). It is thus clear that empirical observations and model
simulations alone are inadequate in assessing the long-term nature of the influence
that ENSO has on the ISM which, as a consequence, limits the predictability of the
monsoon system across timescales. Proxy reconstructions of ENSO and ISM can20
therefore provide much needed constraints on the nature of this coupling, particularly in
the low frequency domain under varying climate boundary conditions. Here we utilize
two continuous, well-dated, millennial-length reconstructions of the systems to shed
light on the role ENSO plays in driving the multidecadal power that characterizes ISM







































A number of previous studies (e.g. Berkelhammer et al. (2010); Sinha et al. (2007,
2011) have demonstrated that ISM variability can be robustly reconstructed on a va-
riety of timescales using the isotopic variability (δ18O) of speleothems from central5
India. Here we utilize a continuous 1400 yr long ISM reconstruction derived from a
pair of overlapping speleothems from two sites, Dandak and Jhumar Caves, located at
∼19◦N, 82◦ E in the southern region of the core monsoon zone (CMZ) defined here
as ∼18◦–27◦N and 69◦–88◦ E (Fig. 1). Details on the sampling methodologies and age
models of these two records are described in previous studies (Berkelhammer et al.,10
2010; Sinha et al., 2011) and for the purpose of this study we have taken the two
published records (available here: http://www.ncdc.noaa.gov/paleo/speleothem.html),
linearly interpolated them to an annual timescale and averaged the two (over the pe-
riod of overlap) to produce a composite δ18O record. We deem this compositing valid
as the δ18O profiles from Jhumar (2007–1075AD) and Dandak (1562–625AD) are well15
correlated (over the period of overlap) at r = 0.62 (n = 353; 95% [0.43; 0.74]) suggest-
ing the independent age models are valid and the isotopic variability is not a function
of the local cave environment.
There is a significant (inverse) correlation between the speleothem δ18O and CMZ
JJAS precipitation (defined as the average of instrumental JJAS precipitation from 18◦20
to 27◦N and 69◦ to 88◦ E) timeseries’ during the instrumental period (1903–2006AD,
n = 70, r = −0.46 with 95% CI [−0.59; −0.32]) (Fig. 1). Significance and confidence
intervals for the correlation estimates were obtained using block bootstrap resampling
(Mudelsee, 2010), which takes into account deviations from normal distributional shape
and temporal autocorrelation. Further validations of the technique comes from the ob-25
servation that the record captures a number of known historical droughts such as those





































captures the series of protracted regional monsoon “megadroughts” in the late 14th
century observed in tree ring records from SE Asia (Buckley et al., 2010).
The robustness of the speleothems in capturing monsoon variability arises from the
presence of a strong “amount effect” (Dansgaard, 1964) over India, which has been
documented in both modeling and observational studies (Dayem et al., 2010; Vuille5
et al., 2005; Pausata et al., 2011). In order to test the regional manifestation of the
“amount effect” (i.e. its persistence and strength), we utilize simulations with a nudged
Isotope-enabled GCM (Yoshimura et al., 2008), which has been validated for the ISM
in a previous study (Berkelhammer et al., 2012). The model shows that the region from
where this proxy was generated experiences a strong inverse relationship between the10
δ18O in the precipitation (δ18Op) and the modeled area-weighted precipitation amount
over the CMZ (Fig. 2). Similar (or even more significant) correlation coefficients are
also found for other broad ISM rainfall indices in the isotope simulations such as the
Homogenous Monsoon Zone and the Indian Monsoon Index (IMI) (Wang and Fan,
1999; Wang et al., 2009), indicating the isotopic ratio in the precipitation at this site is15
a broad indicator of monsoon strength and not sensitive to domain boundaries or the
choice of index.
The sensitivity of the isotopes in the precipitation, and consequently the proxy, to
the overall strength of the Indian Monsoon system arises because of its location at the
near distal end of the landward portion of the low level Jet that is the primary conduit20
for moisture transport from the Arabian Sea onto the Indian subcontinent (Fig. 2). As a
consequence, the isotopic ratio in the vapor and the precipitation at this site aggregate
all upstream processes (e.g. rainout) that have influenced the Arabian Sea branch of
the monsoon system as it crosses the continent (Fig. 2). For example, mean westerly
flow is weaker with a large reduction in moisture flux during anomalous monsoon sea-25
sons associated with El Nin˜o events (Fasullo and Webster, 2002). The low level jet
generates strong cyclonic vorticity in the boundary layer that aids in the initiation of
convection over the entire CMZ region. The convective-related monsoon rainfall vari-





































the IMI (Wang et al., 2009; Goswami, 1998) region -broadly reflecting the large-scale
rainfall variability in the region west of ∼80◦ E) on intraseasonal (e.g. Active and Break
Periods) to inter-annual (e.g. ENSO events) timescales. While the upstream processes
that influence the isotopic ratio in the moisture are myriad, and therefore a direct trans-
fer between rainfall amount and δ18Op is not likely stationary or linear, these collective5
monsoonal processes are the dominant control on the annually-averaged δ18Op vari-
ability, explaining ∼25–30% of the total variance of δ18O in the speleothems.
2.2 ENSO reconstruction
A number of attempts have been made to reconstruct continuous centennial to mil-
lennial length timeseries of ENSO variability by extracting inter-annually resolved cli-10
mate signals from tree rings and corals (Emile-Geay et al., 2013; Li et al., 2011; Cobb
et al., 2013; Mann et al., 2009). These reconstructions are generally well-calibrated
and verified though as a consequence of differences in the targeted index of ENSO
to reconstruct, some significant differences can be found between the proxy records
(Emile-Geay et al., 2013; Li et al., 2011). While the most accurate reconstructions of15
ENSO variability are presumably from proxies that are located within ENSO’s center
of action (i.e. the central tropical Pacific), such reconstructions are generally short and
discontinuous. Proxy reconstructions from ENSO’s teleconnected regions (such as the
western United States) tend to be longer and continuous but rely on an assumption
that the sign and strength of the teleconnection with ENSO has remained constant20
over time. Various ensembles of both direct and distal proxy reconstructions of ENSO
show similar behavior at decadal to multidecadal scales but the amplitude of centen-
nial variability, diverges between some proxies as a result of the choice of target SST
dataset for calibration purpose (Emile-Geay et al., 2013).
We have chosen to utilize both a remote ENSO-teleconnection based proxy (Li et al.,25
2011) and a continuous section of the sporadic coral-based ENSO reconstruction of





































canonical (eastern Pacific) ENSO amplitude derived from the gridded North American
Drought Atlas (NADA) – a large dataset of tree ring based drought reconstructions
(Cook et al., 2004). The variance of the first principal component (PC-1) of NADA is
significantly correlated to various modern indices of ENSO based on the influence that
ENSO has on moisture availability in the western North America. The record has excel-5
lent skill during the calibration period and agrees with shorter-term proxy reconstruc-
tions of ENSO including those derived from discontinuous coral sequences from the
tropical Pacific and is currently the longest continuous ENSO reconstruction spanning
the last millennium. We also utilize a reasonably long coral δ18O sequence (spanning
1320–1460AD) from Palmyra Island in the central tropical Pacific to validate our find-10
ings using an alternative to the remote-reconstruction.
2.3 Phase estimation
In order to assess the ISM-ENSO teleconnection, we look at coherence and phase an-
gle between the two systems following a similar assessment of the modern ENSO-ISM
teleconnection from Torrence and Webster (1999). Phase between the overlapping pe-15
riod of the ENSO reconstruction of Li et al. (2011) and the monsoon proxy (Sinha et al.,
2011) is done using the multi-taper method (Chave et al., 1987). We focus discussion
hereafter on two windows of the spectra, a high frequency band that includes all power
in the 5–15 yr window and a low frequency band encompassing power in the 60–80 yr
window. The high frequency band is intended to explore the long-term stability of the20
known dynamical connection between the monsoon and ENSO during the instrumental
period. The high frequency band should assess variations at the interannual timescale
however, as a consequence of multi-year mixing times for water in the karst, the mon-
soon proxy likely integrates variability across ∼3–8 yr. Therefore we deem the 5–15 yr
band as the highest frequency window in which confidence in the proxy can be as-25
serted. The low frequency window was chosen as a response to earlier work based
on one of the speleothems in the composite (i.e. Berkelhammer et al., 2010), which





































this multidecadal variability remains unknown as its period is too long to be studied
using instrumental observations alone. The phase analysis presented here is there-
fore specifically intended to assess the role ENSO may play in pacing the dominant
multidecadal power of the ISM.
To evaluate whether the differences in the phase angle between ENSO and the ISM5
in the low (≥60 yr) and high (≤15 yr) frequency bands are significant against the age-
model uncertainties, we performed a numerical simulation where the timescale of two
sinusoidal signals (frequencies f1 and f2 with predefined phase differences of dphi) was
“jittered” with a random number generator. We then estimated the phase difference for
the jittered series, dphisim using a periodogram. The standard deviation of dphisim for the10
low-frequency bound f1 = 1/(60 yr) and the high-frequency bound f2 = 1/(15 yr.) was
calculated from 10000 simulations.
3 Results
A comparison between NADA PC-1 variance and the composite ISM speleothem δ18O
timeseries suggests that during most portions of the last millennium, multidecadal-15
length periods of enhanced (reduced) ENSO variance were associated with higher
(lower) ISM rainfall (Fig. 3). The strength of this correlation is particularly strong be-
tween 900 and 1500AD though continues, albeit intermittently, after the 15th century.
For example, some of the wettest intervals of the ISM occur after the 17th century co-
inciding with a multi-centennial period of the highest ENSO variance in the NADA PC-120
reconstruction.
The cross spectra and phase coherence between the two timeseries, using the
method described above, show the two timeseries’ contain significant shared power
in both the low (60–90 yr) and high (5–15 yr) frequency bands (Figs. 3 and 4). How-
ever, the angle of the phasing is nearly opposite in these two regions of the spectra25
such that in the high frequency band, enhanced ENSO variance occurs during periods





































band enhanced ENSO variance is associate with a strengthened monsoon. Results
from the 10 000 iteration Monte Carlo simulation illustrate that even with conservative
estimates of age model uncertainty, the difference in the phase angle between ENSO
and the ISM timeseries’ in the high and low frequency windows are significant. We
estimate uncertainty in the phase angle estimates could be as much as 52◦ while the5
phase angle difference we calculate is between 90 to 150◦, attesting to the robustness
of this finding (Fig. 3).
4 Discussion
The phase relationship between ENSO and the ISM in the multidecadal window sug-
gests the nature of the coupling between these systems is contradictory to the relation-10
ship observed during the instrumental period where weak monsoons occur with posi-
tive ENSO events. To test the robustness of this finding against an alternative ENSO
proxy, we compare portions of the ISM timeseries to a pair of coral sequences from
Palmyra Island in the central tropical Pacific (Cobb et al., 2003) (Fig. 5). The continuous
coral section that spans the late 14th and early 15th centuries fortuitously covers a crit-15
ical portion of the ISM timeseries when the δ18O values are among the highest of the
last 1400 yr. As noted by Buckley et al. (2010) and Sinha et al. (2007), this period marks
a protracted interval of weak monsoon. When speleothem and coral proxy records are
scaled against their 20th century instrumentally-calibrated means, the coral-derived
ENSO variance in the 2–7 yr band and speleothem-derived estimates of CMZ rainfall20
during the mid-14th century are significantly lower than the mean 20th century values
(Fig. 5). While this comparison does not provide continuity, it does yield an indepen-
dent assessment that ENSO and the ISM exhibit a counter-intuitive relationship in the
multidecadal window.
The results of the phase analysis suggest that in the low-frequency domain, ENSO25
produces no consistent measurable impact on Indian Monsoon rainfall. There are





































variance appear to track the ISM in a dynamically sensibly way, however, in the context
of the last 1000 yr these periods are rare (Fig. 3). The two systems do exhibit strong
coherence in the 60–80 yr band such that the multidecadal power of the two systems
may be phase-locked through a common forcing mechanism but because the phase
angle is orthogonal to our expectations, the shared power cannot be through a direct5
causal relationship. One mechanism to explain the presence of shared power in this
band is through the North Atlantic. It is well-documented that N. Atlantic SSTs yield
power in the 60–80 yr range (Enfield et al., 2001) and impact both ENSO variance
and the ISM. For example, Dong et al. (2006) document the presence of an atmo-
spheric bridge where cooling in the North Atlantic yields an increase in ENSO variance.10
Goswami et al. (2006) show how cooling in the North Atlantic leads to an enhancement
of the ISM through its influence on upper tropospheric temperatures. Therefore, a plau-
sible explanation of the observations is that multidecadal shifts in the N. Atlantic SSTs
exert an influence on both ENSO variance and the ISM and ultimately could phase lock
the systems in a non-causal way.15
An alternative, though not mutually exclusive, explanation of the results hinges on a
reconsideration of the tree-ring ENSO proxy itself. For example, multidecadal variability
in the North Atlantic influences water availability in the western US (McCabe et al.,
2004) and therefore growth in water-limited trees (Conroy et al., 2009; Gray et al.,
2003). Thus, variance in the PC-1 of NADA may also contain some power associated20
with the North Atlantic despite efforts to isolate only the ENSO signal (Li et al., 2011). In
light of the phase relationship between ISM and NADA PC-1, it is therefore reasonable
to suggest that the 60–80 yr power in the tree-ring derived ENSO reconstruction is a
product of hydroclimatic shifts associated with multidecadal swings in the N. Atlantic
(Sutton and Hodson, 2005). While it is beyond the scope of this work to distinguish25
whether the shared 60–80 yr power between NADA PC-1 record and the ISM is a
function of the N. Atlantic’s direct influence on western US hydroclimate or by way of its





































the N. Atlantic is significantly more dominant than ENSO in pacing the ISM at these
timescales.
A number of recent studies such as Tierney et al. (2013) argue for a dominant role
for dynamics internal to the Indian Ocean (IO) in producing multidecadal hydroclimate
variability across the IO Basin. IO dynamics are indeed a critical source of variance in5
the monsoon (Ashok et al., 2004) and likely an important determinant of low frequency
monsoon behavior. However, if IO was pacing the multidecadal power in the monsoon,
it is not clear why tree ring growth in the western US would be in phase with the ISM
as we observe from our spectral analysis (Fig. 3). Therefore, in the absence of an
established mechanism for IO dynamics to pace the hydroclimate of the western US,10
we are inclined to reject this mechanism.
5 Conclusions
Over the last millennium, the ISM has exhibited persistent multidecadal power. The pro-
tracted multidecadal shifts in precipitation amounts are significant in considering both
flooding and drought frequency in India. The susceptibility of agricultural production to15
these hydroclimatic changes may be enhanced in coming decades as regional ground-
water resources have been severely depleted and therefore may not be able to provide
a buffer (Rodell et al., 2009). Through analysis of the phase relationship between prox-
ies for ENSO and the ISM, we conclude that ENSO cannot be called upon to be the
dominant driver of this multidecadal power despite its known role in producing strong20
monsoon drought in isolated years. The fact that ENSO and ISM proxies are in phase
with one another at the multidecadal timescales provides an important constraint on
the forcing mechanism pacing the ISM. Based on the teleconnection patterns associ-
ated with multidecadal N. Atlantic SST variability (i.e. its influence on the ISM, ENSO
variance and W. US hydroclimate) and that its power is focussed between 60–90 yr, it25
seems an increasingly likely candidate to explain the proxy-reconstructed variance in





































as the Indian Ocean should not be diminished, the linkage between the western US
hydroclimate and ISM attest to the N. Atlantic as the multidecadal pacemaker of the
ISM.
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Fig. 1. (a) Correlation map between JJAS precipitation and regional precipitation across India.
The result indicates the significance of this site as a broad indicator of CMZ monsoon precipi-
tation. (b) The 20th century section of the speleothem δ18O and JJAS rainfall from the nearest
gauge. The observed precipitation amounts were treated with a 3 yr smooth to mimic mixing
of waters in the karst. (c) The complete δ18O timeseries from the JHU-1 (black) and Dandak






































Fig. 2. (a) Correlation between JJAS δ18Op from nearest grid cell to the proxy and the precip-
itation rates in the surrounding grid cells using the IsoGSM model of Yoshimura et al. (2008).
The analysis shows how upstream precipitation across India become aggregated in δ18Op at
the proxy site. The vectors indicate the average surface wind fields during JJAS (b) A com-
posite of 2400 trajectories from 2002–2011 using the Hysplit model (Draxler and Rolph, 2003).
Each trajectory was run for 90 h from the proxy and initialized twice per day at 06:00UTC and





































Fig. 3. (a) ISM proxy from Fig. 1 on an annually-interpolated timescale (red and gray) and the
record of ENSO variance based on the PC-1 of the North American Drought Atlas from Li et al.
(2011) (black). The ENSO timeseries was filtered to accentuate the multidecadal power in the
timeseries. (b) Phase angle and coherence (length of arrows) between the two timeseries in
the high (green) and low (purple) frequency windows as described in the text and shown in
Fig. 4. Each individual arrow marks a 1◦ step in the spectra between 60–80◦ for purple and
5–15◦ for green. The length of the arrow indicates the strength of the phase coherence and
the dotted line indicates where coherence is significant. Errors are estimated using a monte-
carlo approach as described in the text. The clustering of purple arrows near 180◦ indicates the




























































0 0.02 0.04 0.06 0.08 0.1
MTM ENSO (NADA-PC1 Variance)
Frequency (yr-1)
Fig. 4. Spectral analysis of the ISM and ENSO variance timeseries’ using the Multi-taper method. Purple and green bands indicate the regions
of the spectra (low and high frequency, respectively) used in Figure 3 to assess the phase angle and coherence between the timeseries’. Red
dotted line indicated the 95% confidence interval using a Monte Carlo simulation.
Fig. 4. Spectral analysis of the ISM and ENSO variance timeseries’ using the Multi-taper
method. Purple and green bands ndicate the regions of the spectra (low and high fr que cy,
respectively) used in Fig. 3 to assess the phase angle and coherence between the timeseries’.





































Fig. 5. A comparison between two coral sections from Cobb et al. (2003) (top) and the ISM
proxy shown in Figs. 1 and 3. The coral record has been filtered to accentuate variance in the
2–7 yr band. The ISM is shown both raw (gray) and with a low pass filter (blue). The green line
is the instrumental monsoon rainfall from the CMZ.
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